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Abstract: Azobenzene E=Z photoisomerization, following excitation to the bright S(zz*) state, is
investigated by means of ab initio CASSCF optimizations and perturbative CASPT2 corrections. Specifically,
by elucidating the S(wz*) deactivation paths, we explain the mechanism responsible for azobenzene
photoisomerization, the lower isomerization quantum yields observed for the S(zr*) excitation than for the
S1(nz*) excitation in the isolated molecule, and the recovery of the Kasha rule observed in sterically hindered
azobenzenes. We find that a doubly excited state is a photoreaction intermediate that plays a very important
role in the decay of the bright S(zz77*). We show that this doubly excited state, which is immediately populated
by molecules excited to S(zzr*), drives the photoisomerization along the torsion path and also induces a
fast internal conversion to the Si(nz*) at a variety of geometries, thus shaping (all the most important
features of) the S(z*) decay pathway and photoreactivity. We reach this conclusion by determining the
critical structures, the minimum energy paths originating on the bright S(zr*) state and on other relevant
excited states including S¢(nsz*), and by characterizing the conical intersection seams that are important in
deciding the photochemical outcome. The model is consistent with the most recent time-resolved

spectroscopic and photochemical data.

1. Introduction

Azobenzene (Ab) exists in two different forms, cis (Z) and
trans (E), which may interconvert both thermally and photochemi-
cally.'™ Since the two isomers exhibit well-separated absorption
bands in the UV-visible region and different physical properties,
such as dielectric constant and refractive index, Ab and its
derivatives are good candidates for many applications as light-
triggered switches,® constituents of erasable holographic data,
image storage devices, materials with photomodulable properties,”®
and in biology.” The large photoinduced structural change of
this molecule was successfully used to control the helix content
in a short peptide'® and to optically trigger the folding reaction
in a peptide ring."" For these reasons, the photophysical and
photochemical properties of Ab are the subject of a widespread
interest.
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In the E isomer, the molecule is essentially planar, whereas
in the Z form, the benzene rings are twisted around the C—N
bonds to minimize steric repulsion. Therefore, the Z form is
less stable than the E form by 0.6 eV,'? and at room temperature,
it relaxes back thermally to the E isomer within several hours
by overcoming a barrier of 1.0 eV.'? The two isomers can be
interchanged easily by optical excitation with light at suitable
wavelengths.

The absorption spectrum of both E and Z forms of Ab shows
a weak band in the visible region and an intense band in the
near-UV spectral region. In hexane solution at room temperature,
the weak (€nax = 400 L mol ' cm™") band and the strong (€max
=122300L mol ' cm ") band of the E isomer have the peaks
at 432 and 318 nm,*'*~'® respectively. The former band is
structureless even in low temperature mixed crystals'”'® and is
attributed to the lowest singlet state of nst* type, which belongs
to the B, species of the Cy, symmetry group. The second band,
which shows a rich vibronic structure both in dibenzyl crystals
at 20 K'® and vapor phase at 425 K,' is attributed to the wz*
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Figure 1. Structures of E and Z forms of azobenzene with the possible
E—Z and Z—E isomerization paths.

singlet state of B, symmetry type and is reminiscent of the
S1=—Sy transition in stilbene.

Similarly, in the UV-visible absorption spectrum of the
Z-azobenzene (Z-Ab) isomer in hexane, one finds two bands
peaked at 440 and 290 nm, with an analogous intensity ratio as
in E-Ab.* While in stilbene the F<Z isomerization can occur
only via torsion of the C=C bond, in Ab, it can proceed along
two pathways, the torsion around the N=N double bond and
the in-plane inversion of one of the CNN angles (see Figure 1).
In the latter case, the transition state corresponds to a semilinear
structure whereby one nitrogen atom is sp-hybridized.

An unusual property of the Z=FE photoisomerization of Ab
is the dependence of the quantum yields on the excitation
wavelength.'™ In inert solvents, such as n-hexane, the quantum
yields of the E—~Z (Z—F) photoconversion are 0.40/0.12 (0.53/
0.25) exciting the n*/ma* states,”®>' respectively. In other
solvents,>** the quantum yields show a similar trend. The
different photoisomerization quantum yields in S(ns*) and
S(zrmr*) represent a case of violation of the Kasha rule.

Surprisingly, the Kasha rule is obeyed in sterically hindered
azobenzenes, such as the azobenzenophanes (Ab-phanes), where
the motion of each Ab molecule is somewhat affected and
hindered by the companion molecule®* and in azobenzene
capped crown ether.?* In his pioneering work,>* Rau proposed
that the E—Z photoisomerization of the free molecule follows
different paths in the nz* and zw* states, namely, CNN
inversion and N=N torsion, respectively. Furthermore, assuming
that only the torsion motion is frozen in sterically hindered Ab,
he suggested that the zzr* state decays first to S(nzr*), where
the photoisomerization occurs. In this way, he explained the
observed different quantum yields for the excitation in the two
bands at 430 and 300 nm in the free Ab and the equal quantum
yields found in hindered Ab. However, not all the above
assumptions are supported by recent theoretical results and by
experimental evidence. In particular, attributing the S; photo-
isomerization to the inversion pathway is in contrast with recent
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calculations™~2° and with fluorescence anisotropy measurements

in inert solvent.?’

The debate about the photoisomerization mechanism that is
dominant in the S(nz*) and S(mtr*) excited states and about
the effect produced by the constraints imposed in hindered Ab
molecules has been central in subsequent discussions of Ab
photochemistry (vide infra). In this respect, it is surprising that
even in stilbeno-phanes, where the inversion pathway is not
available, the photoisomerization was observed.”® This finding
implies that the torsion path is not inhibited in hindered stilbenes
and, by the same token, in hindered Ab, and that molecules
have unsuspected abilities to follow their reaction paths under
constraints by suitable deformations.

Ultrafast UV-visible absorption spectroscopy and time-
resolved fluorescence experiments have provided important clues
to unravel the mechanisms of the photophysical and photo-
chemical decay in Ab. Several groups have studied by time-
resolved techniques absorption and fluorescence of E-Ab and
Z-Ab following excitation on the nz* state.'***=! The results
obtained on the E-Ab S(nzr*), neglecting the small dependence
on the solvents and on the excitation wavelengths, converge to
the following picture: the S(nz*) decay is described by three
exponentials with lifetimes of 7; & 0.30 ps, 72 ~ 2.6 ps, and 73
~ 12 ps. The shortest process is assigned to the relaxation from
the Franck—Condon to the equilibrium structure, while 7 is
attributed to the motion toward the funnels, that is, the conical
intersections (Cls), leading to the decay to Sp and to isomer-
ization. The slowest process is identified with the vibrational
cooling in the Sy state resulting from energy transfer from the
Ab molecule to the solvent. This process, which was studied
by time-resolved infrared spectroscopy, is estimated to take place
on a time scale of ~20 ps.*?

Transient absorption experiments®® following excitation of
the Z isomer on the 435 nm band showed a fast decay with a
dominant component with a time constant of 0.17 ps in ethanol
and a slower, but weaker, component with time constants of
~1 ps.?**!33 Diau and co-workers” studied the anisotropy of
the S(nst*) fluorescence of E-Ab in two solvents of different
viscosity and proposed that the S(nsr*) photoisomerization path
follows the N=N torsion and the symmetric inversion mecha-
nism in hexane and ethylene glycol, respectively. As noted
above, the predominance of the torsion mechanism for the
S(nzt*) photoisomerization was supported by a number of
calculations.”**~7 In particular, CASSCF and CASPT2 meth-
ods have provided a detailed picture of the S(nzt*) MEP, which
was found to follow the torsion path in both Ab isomers> and
has revealed the key role of twisted Cls in the S(nzz*) decay.

Recently, most of the interest in Ab photochemistry has
moved toward elucidating the deactivation of the bright S(z7r*)
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state. The alternative routes for str* de-excitation are (i) the
isomerization on the S(;z7r*) potential energy surface (PES) itself
followed by a fast decay to Sy and (ii) a fast internal conversion
from the S(z7r*) to the S(nzr*) state, possibly via intermediate
states, followed by isomerization in the vibrationally excited
nzr* state. In the case (ii), the reduced isomerization quantum
yield observed for S(szzr*) in comparison with that of S(ns*)
excitation can be accounted for either by invoking a partial
S(zz*)—S(n7r*) conversion or by assuming a smaller isomer-
ization yield for the hot S(nzt*) than for the cold S(nsr*) state.

In this respect, the time-resolved experiments performed in
the past years have provided a wealth of new information. For
E-Ab in hexane, Lednev et al.'*!'® observed, after S(mm*)
excitation, two transient bands at ~475 nm (7; < 0.2 ps) and
~400 nm (7, ~1 ps) and a weaker band around ~400 nm with
a lifetime of 73 ~16 ps, while Tahara and co-workers>* measured
the lifetimes of the fluorescence emitted from the S(zz*) (7 ~
0.11 ps) and S(nzr*) (v ~ 0.50 ps) states. They recorded also
the transient Raman and absorption spectra®” upon excitation
of both rz* and nsr* states and found that the spectra of the
two states were practically identical. Thus, they proposed that
excitation to S(szzt*) is immediately followed by decay to S(nzt*)
and that the isomerization path for the zzst* and nzr* excitations
is the same and should be identified with the inversion
coordinate.*® Furthermore, they explained the reduced isomer-
ization quantum yield of S(zsr*) by assuming that the vibra-
tionally hot S(nz*) state produced in the S(sr*)—S(ns*)
conversion decays to Sy at the inverted as well as at the reactant
geometries with loss of isomerization yield.*®

More recently, Braun and co-workers* measured the transient
absorption spectra of E-Ab and of Z-Ab excited to S(zzr*) in
ethanol solvent. They identified for E-Ab four time constants:
71 =0.13 ps, 7, = 0.42 ps, 73 = 2.9 ps, and 74 =12.0 ps, which
were attributed to the vibrational relaxation in S(;t7r*), to the
decay times of S(zzr*) and of S(nzr*), and to the vibrational
cooling in Sy, respectively. Three time constants were extracted
from the Z-Ab transient absorption spectrum: 7; = 0.2 ps, 7o =
1.1 ps, and 73 =14.0 ps, which describe the decay of S(m*)
and S(nzr*) states and the vibrational cooling in Sy, respectively.
Since, except for 71, the other time constants of the E isomer
are very similar to the lifetimes observed for the nzt* excitation,
Braun et al.** concluded that the decay of the s7z* state can be
described by a two-step process, namely, S(zr*)—S(nz*) and
S(nr*)—Sy, and that the isomerization process takes place on
the S(nzz*) PES. These authors explained the Kasha rule failure
by assuming that photoreaction occurs at different S(nsz*)
geometries upon excitation in the two states.

Finally, on the basis of time-resolved photoelectron spec-
troscopy (TRPES) in supersonic beams, a different and alterna-
tive hypothesis was recently suggested by Schultz et al.*’ for
the Kasha rule violation, which was assigned to a newly
observed benzenic state that can also be populated by initial
UV (330 nm) excitation and is assumed to be nonreactive.

Clearly, our understanding of the Ab photoisomerization in
S(st*), occurring on multidimensional PESs, is still incomplete.
Very important contributions can be provided by quantum

chemical calculations, which can identify the relevant PES,
minimum energy paths (MEPs), interstate couplings, and conical
intersections that govern the excited state decay. Since the first
ab initio study on Ab,*® based on a STO-3G atomic orbitals, a
number of quantum chemical calculations employing up to date
methodologies have been performed in the past years to clarify
the photochemical behavior of Ab excited in the S(mz*)
State.23,24,3941

The results of CIPSI*® and CASSCF* calculations at the
ground-state-optimized potential energy curve (PEC) revealed
that the photoisomerization on the 'z7r* state can occur only
on the torsion coordinate and that an excited state of A symmetry
type with a PEC showing a pronounced minimum at 90° may
be involved in the photoisomerization process. However, the
nature of this A-type state, which at 90° is at lower energy than
the bright S(szsr*) state, is not univocally defined in the two
calculations, and its precise role in the photoreactivity is not
specified. Ishikawa et al.** calculated at the CASSCF level the
two-dimensional torsion/inversion PES of the S(nz*), S(7t*),
and S(n’z*?) lowest singlet excited states and suggested that
the isomerization from S(zzz*) should proceed by decay to
S(nr*) or via the intermediate S(n%7*?). In these studies,
optimized excited state PESs and MEPs were not computed and
a comprehensive explanation of the main features of the S(st7z™*)
photoisomerization was not attempted, leaving the mechanism
of the S(stzr*) photoisomerization still uncertain.

Recently, an ab initio CASPT2//CASSCEF calculation has been
performed on a molecule akin to Ab, cyclohexenylphenyldiazene
(CPD), which has a smaller 7 electron system, as two C=C
double bonds of one benzene ring have been saturated by
hydrogen atoms.*? The photoisomerization quantum yields for
the excitation of the two bands follow the same pattern found
in Ab, but unfortunately, no time-resolved measurement has
been made on this system and no information is available on
the dynamics of the deactivation processes. From the calcula-
tions on the E isomer of CPD, including all of the sz and n
orbitals,** it emerges that, after the excitation on the S(tz*)
state, the deactivation leads to a state based on the 72*2/n%mr*>
doubly excited configuration that has a minimum at the twisted
geometry.

In this paper, we address the processes of decay and the
photoisomerization of Ab excited on the S(szz7r*) state by ab
initio CASPT2//CASSCEF calculation. We determine the critical
structures, minima and CIs, and the MEP originating on the
bright S(;zz*) and on other relevant excited states including
the S;(nst*) state, and we find the seams of conical intersections
that are important in deciding the photochemical outcome. We
provide a novel S(zz*) deactivation model, based on the
TIN=NTIN=N"TT*N=NTT*N=N configuration, that accounts for the
different quantum yields observed for Ab and for hindered Ab,
inagreement with the information revealed by MD simulations®***—4¢
and experimental results available on hindered systems,>***"~°
and elucidates the observed time-resolved spectra.
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Table 1. Observed and Calculated Energies of the Lowest Sp—S(nsz*) and So—S(zz*) Transitions

Absorption
AE, 10° cm ™! AEea? 10° cm™' AE, 10° cm ™! AEi,710% cm ™!

E-Ab (kcal/mol) Amax (NM) (kcal/mol) Z-Ab (kcal/mol) Amax (NM) (kcal/mol)
So—=S1(n*) 23.15 432 20.39 So—Si(nr*) 22.73 440 21.93
vert.” 66.2 58.3 vert.” 65.0 62.7
So—S1(n*) 22.72 440 20.39 So—Si(n*) 23.53 425 21.93
vert. 65.0 58.3 vert.’ 67.3 62.7
So—S1(n*) 19.50 513 16.19
0-0" 55.7 46.3
So—S1(n*) 18.52 ~540 16.19
0-0°¢ 52.9 46.3
So—S(mr*) 31.45 318 34.13 So—S(*) 34.48 290 38.04
vert.” 89.9 97.6 vert! 98.60 108.8
So—S(mwa*)” 33.20 301 34.13 So—S(*) 37.74 265" 38.04
vert. 94.9 97.6 vert.” 107.9 108.8
So—S(mmr*) 28.00 357 31.09
0-0” 80.1 88.9
So—S(mwa*)” 27.66 362 31.09
0-0 79.1 88.9
So—S()? 30.0 333 31.09
0-0 85.8 88.9
So—S(mw*)” 29.61 337 31.09
0-0 84.8 88.9
Emission
So—S(mr*) 34.48 290 38.04
vert.” 98.6 108.8
Si1(nz*)—So 15.00 665 10.25
vert.” 42.9 29.3
S(m*)—So 25.64 390 27.80
vert.” 73.3 79.5

“ Present results from the CASPT2//CASSCF/6-31G* calculations. ® in hexane solvent, extrapolated, from refs 34 and 36. ¢ In dibenzyl single crystal,
from ref 18. ¢ In isolated molecule, estimated by adding to the dibenzyl crystal S(zzr*)—So energy gap the same crystal red shift (2337 cm™ ') observed
for the corresponding band of stilbene (see ref. 57). ¢ In the gas phase, at 152 °C, from ref 19./In hexane solvent, from ref 4.

2. Computational Details

The PESs for the E==Z photoisomerization from the S(;zzr*) state
have been studied using fully unconstrained optimizations and MEP
computations at the CASSCF level®' (when possible, single state
computations have been used; otherwise, when root flipping
problems occurred, state average calculations have been the choice),
followed by single point CASPT2%> computations on the optimized
relevant structures to account for correlation energy.

The search of CIs was performed by using procedures developed
in our laboratory or according to the prescriptions of ref 53. This
procedure works by minimizing the two-roots state average (SA)
CASSCF energy in the n-2-dimensional intersection space (or-
thogonally to the branching space directions x; and x») that preserves
the degeneracy.

Then, at all the interesting geometries, a state average CASSCF
procedure, with equal weights between the involved states of the
singlet manifold (the first nine singlet states in E-CPD and in
Z-CPD), has been used to generate molecular orbitals, energies,

(43) Toniolo, A.; Ciminelli, C.; Persico, M.; Martinez, T. J. J. Chem. Phys.
2005, 123, 234408.
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(48) Lednev, I. K.; Ye, T. Q.; Abbott, L. C.; Hester, R. E.; Moore, J. N. J.
Phys. Chem. A 1998, 102, 9161.
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(50) Bassotti, E.; Carbone, P.; Credi, A.; Di Stefano, M.; Masiero, S.; Negri,
F.; Orlandi, G.; Spada, G. P. J. Phys. Chem. A 2006, /10, 12385.
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Quantum Chemistry-1I; Lawley, K. P., Ed.; John Wiley & Sons Ltd.:
Chichester, England, 1987; Vol. LXIX, p 399.

(52) Malmqvist, P.-A.; Roos, B. O. Chem. Phys. Lett. 1989, 155, 189.

and the reference functions for subsequent CASPT?2 calculations.
An imaginary shift>* of 0.2 ua was employed for all state-averaged
CASPT2 computations. This option is used to eliminate intruder
state problems. The CASSCEF state interaction (CASSI)®" method
has been used to calculate the transition dipole moments. In the
formula for the oscillator strength, the CASSCF transition moment
and the energy difference obtained at the CASPT?2 level have been
used. All computations have been performed with the tools available
in the Gaussian 03> and the MOLCAS-6° quantum chemistry
programs.

The active space choice is a crucial step in a CASSCF
calculation. Here our choice was to include 10 orbitals and electrons
of the 7 system plus the two doubly occupied nitrogen lone pairs,
resulting in an active space of 12 orbitals and 14 electrons. A
6-31G* basis set of atomic orbitals was used.

3. Results

3.1. Calculations of the Lowest Excited States at the
Ground-State E and Z Structures. Experimental transition
energies pertinent to the two UV and visible bands are collected
in Table 1 together with the computed values. The energies of
the maxima in absorption and in emission spectra and the
extrapolated 0-0 band energy, AEy, of E- and Z-Ab in hexane
solution*>* are given. For the intense 7z77* band, we show also

(53) (a) Ragazos, I. N.; Robb, M. A.; Bernardi, F.; Olivucci, M. Chem.
Phys. Lett. 1992, 197, 217. (b) Bearpark, M. J.; Robb, M. A.; Schlegel,
H. B. Chem. Phys. Lett. 1994, 223, 269.

(54) Forsberg, N.; Malmqvist, P.-A.; Roos, B. O. Chem. Phys. Lett. 1997,
274, 196.

(55) Frisch, M. J.; Gaussian 98, revision A.6; Gaussian, Inc.: Pittsburgh,
PA, 1998.

(56) Andersson, K.; MOLCAS, version 5.2; University of Lund: Lund,
Sweden, 2001.
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Table 2. Computed Vertical Transition Energies, Wave Functions with the Representation of Molecular Orbitals Involved in the Most
Important Configurations, and Oscillator Strengths of the Lowest Excited Singlet States of E-Ab at the FC Planar Geometry?

E-Azobenzene
State Electr. Configurations Coeff. Energy CAS-PT2 f
eV Kcal/mol
So(1 1Ag) ground state 0.90 0.00 0.00
Si(1 'By) N7 NN 0.88 2.53 58.3 0
S»(1 'By) TINEN—T NN 0.83 4.23 97.6 0.616
S:(2 'By) =T NN 0.54 4.46 102.8 0.070
S42 'Ap) T N 0.45 4.53 104.5 107
TH—>TTN=NT 0.36
Ss(1 'Ay) | (mnen D)= (T Nan™®)? 0.67 477 109.9 0.008
S6(2 'By) | (mnen Ne)—>(TNan®)’ 0.50 5.13 118.3 10"
n+_)7[;1* 0.48
S7(3 Ay To—T0 Nen 0.45 5.17 119.3 10"
(m n=n) > () 0.42
Ss(2 'Ay) 7NNt 0.45 5.69 131.1 W
n+_)7'[2* 0.43
4 J
n, 5 ‘* . n_) " TIN=N
2, s ‘
9
m “_
y "9
C] e
> 9
9 <
2 TIN=N* .. ¥ ” ¥
= J ]
'fqﬂp 90950 » 33
¢ .J. ‘4

“From the CASPT2//CASSCF/12-14/6-31G* calculations.

the AEq energy of E-Ab in low-temperature dibenzyl crystal'®
and the extrapolated AEy in the isolated molecule obtained by
correcting for the red shift induced by the crystal matrix. This
AEy value (85.8 kcal/mol) is in agreement with the energy (85.4
kcal/mol) of the first feature in the vapor spectrum.'® The
calculated AEy (88.9) is only 3 kcal/mol higher than the
observed values.

Vertical transitions, oscillator strengths (f), wave function
composition, and oscillator strengths have been computed by
CASPT2//CASSCF/6-31G* for the lowest eight excited singlet
states in the isolated E-Ab and in Z-Ab. The results pertinent

5220 J. AM. CHEM. SOC. = VOL. 130, NO. 15, 2008

to the ground-state equilibrium geometry of the £ and Z isomers,
(E-MinSp) and (Z-MinSy), are reported in Tables 2 and 3,
respectively, where the nature of electronic states is clarified
by their most important electronic configurations. The lowest
excited singlet state, S, is of nzr* type in both isomers.

In the E-Ab, Si(n7r*) belongs to the B, representation, and
the computed S;(nzt*)—S, vertical energy gap (58.3 kcal/mol)
is lower by 7 kcal/mol than the energy of the first absorption
peak, as shown in Table 1. The computed oscillator strength
(~0) is consistent with the forbidden character (By—A,) of the
S1==Sy transition, which obtains its tiny intensity (¢ =400 M~!
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Table 3. Computed Vertical Transition Energies, Wave Functions with the Representation of Molecular Orbitals Involved in the Most
Important Configurations, and Oscillator Strengths (f) of the Lowest Excited Singlet States of Z-Ab at the FC Planar Geometry?

Z-Azobenzene

State Electronic Configurations | Coeff. Energy CAS-PT2 i
eV Kcal/mol
So(1 1A) ground state 0.90 0.00 0.00
Si(1'B) N7 NN 0.84 27 62.7 0.015
S,(2 'B) 3T NN 0.57 4.49 103.5 0.035
S3(2 'A) =T NN F 0.66 4.54 104.6 0.011
S4(3 'B) n—m* 0.50 4.72 108.8 0.191
T NN 0.50
Ss(4 'B) 5T NN 0.39 5.00 1154 0.004
T4 N=NT 0.33
T T * 0.31
S6(3'A) T4—>TN=N* 0.39 5.12 118.0 < 0.001
T5— T3 * 0.36
S7(4 'A) (n)’> (T Nn™)’ 0.53 541 124.8 0.012
Ss(5 'A) (n)>> (Tnn*)’ 0.53 6.06 139.7 0.007
(m311) = (1 N:N*)2 0.36

n.
4 9
3
J !
TUN=N %
&
2,
9

“From the CASPT2//CASSCF/12-14/6-31G* calculations.

cm~')* in E-Ab via out-of-plane vibrations that borrow intensity
from allowed Sy—7sr* transitions.

In the Z-Ab isomer, the computed S;(nsz*) belongs to the B
representation and the vertical S;(nsr*)<—S transition energy is
lower than the energy of the first absorption peak by ca. 4 kcal/
mol, as shown in Table 1. The computed oscillator strength,
~1072 (reported in Table 2), is in agreement with the weak,
but allowed character of the S;—Sy excitation (¢ =1250 M ™!
cm').* Our calculation for the isolated molecule appears to
underestimate the energies of S;. One reason is the neglect of

the solvent effect which increases the excitation energies of nr*
states, as it is well-known.>®

(57) The S;—So AEy of stilbene in bibenzil crystal (see ref. 18) is 29 903
and in supersonic beams is 32 240 cm ™! (see ref. 58).

(58) (a) Syage, J. A.; Lambert, W. R.; Felker, P. M.; Zewail, A. H.;
Hochstrasser, R. M. Chem. Phys. Lett. 1982, 88, 268. (b) Syage, J. A.;
Felker, P. M.; Zewail, A. H. J. Chem. Phys. 1984, 81, 4685. (c)
Amirav, A.; Jortner, J. Chem. Phys. Lett. 1983, 95, 295.

(59) Klessinger, M.; Michl, J. Excited States and Photochemistry of Organic
Molecules; VCH: New York, 1995..
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The intense band in the visible—UV absorption spectrum is
associated with a sr* singlet state that is based on the
configuration in=N—7T*n=n, in Which one electron is promoted
from the bonding to the antibonding orbitals that have large
components on the N=N group. This state, which is very similar
to the lowest singlet state of stilbene, will be in the referred to
in the following referred simply as S(mzzr*).

In E-Ab, the S(str*) state belongs to the B, representation
and, being the second excited state, is assigned as Sy(By). The
calculated S,—S oscillator strength (0.616) is typical of a
strongly allowed transition, in agreement with the experimental
value 0.511 estimated by Tahara.*

The vertical S(stzr*)—S, energy gap is overestimated by 7.1
kcal/mol in E-Ab and by 6.3 kcal/mol in Z-Ab with respect
with the hexane solution values. One important reason is the
neglect of the solvent effect which decreases the excitation
energies of ztr* states. The overestimate with respect to the
gas-phase spectra'® is less than 3 kcal/mol. The comparison of
the 0-0 band energy with the calculated adiabatic energy gap
leads to the same conclusions. The calculated adiabatic
S(r*)—So energy gap is 4 kcal/mol higher than the 0-0 band
in the gas phase'® and 3 kcal/mol higher than the 0-0 band of
the E-Ab 0-0 band in the dibenzyl single crystal corrected by
the red shift induced by the crystal, as it is shown in Table 1.

At higher energy, we find for E-Ab two benzenic states,
S3(2By) and S4(2A,), which are 5 and 7 kcal/mol higher than
S(ztm*), respectively, as shown in Table 2. The oscillator
strength of Sz is found to be modest (0.07), but not negligible.

The next two states, Ss(Ay) and Sg(By), of type (nz*), are
almost degenerate (118.3 and 119.3 kcal/mol) and have negli-
gible oscillator strengths. The following state, S7(A,), gets a
strong contribution from the doubly excited configuration
TIN=NTIN=N""TT¥*N=NTT¥*N=N in Which two electrons are promoted
from a bonding to an antibonding orbital with a marked azo
character. For this reason, we shall indicate this state as S(DE).
In analogy with stilbene, S(DE) is expected to favor the twisted
geometry and to play a key role in the photoisomerization of
E-Ab. Because of its A, symmetry, the state S(DE) cannot be
detected by the ordinary one-photon spectroscopy but could be
observed by two-photon spectroscopy. However, we are not
aware of any such study.

In Z-Ab, the bright S(szz*) state belongs to the B representa-
tion and, being the fourth excited state, is assigned as S4(B), as
reported in Table 3. In this isomer, a strict distinction between
n and st orbitals does not apply because of the torsion around
the C—N and N=N bonds. Thus, both n and ;=N orbitals are
coupled with benzenic st orbitals. For this reason, the S4(B) is
based on the combination of 7—7*y=y and n—x* configura-
tions. The computed S4~—S oscillator strength (0.191) is typical
of an allowed transition, in agreement with the high measured
molar absorption coefficient of (¢ = 5260 M~ ' cm™").%° A few
kcal/mol below this state we find the two benzenic states S>(2B)
and S3(2A), which have small oscillator strengths. The next two
states, Ss(B) and S¢(A), are of mixed nz* and zr* character
and have small (<0.01) oscillator strengths. The following state,
S7(A), has a strong contribution from the doubly excited
configuration nn—7*n= nT*N=n and will be referred to as
S(DE). With the N=N torsion, this state evolves into the S(DE)
(TIN=NTIN=N"TT*N=NTT*N=N) State of the E-Ab isomer, and it will
play an important role in the photoisomerization of Z-Ab (vide
infra).

The only information available for higher-energy excited
states is the vertical transition observed in the gas phase at 5.64
and 4.68 eV for the E and Z isomer, respectively. In our
calculations, we find two states at 6.31 and 6.47 eV for the E
isomer and two states at 5.44 and 5.94 eV also for the Z isomer,
with appreciable oscillator strength. In better agreement are the
results of the CC2/aug-cc-pVTZ calculations of Ahlrichs and
co-workers®" who report a state with considerable oscillator
strength at 5.79 and 4.68 eV for the E and Z isomers,
respectively. At the same time, the CC2 approach does not report
states with important contributions from doubly excited con-
figurations, which are important in the photochemical problem
we are considering.

3.2. Computational Analysis of the Photoisomerization
Induced by wz* Excitation. The MEPs of the bright S(zsr*)
state and of the other states involved in the photoisomerization
process, mapping from the ground-state geometry (FC point)
of the E and Z isomers, are summarized in Figures 2 and 3,
respectively. In the same figures are shown also the regions of
CIs and the critical structures with indication of their most
important geometric parameters. The excited-state energies at
the critical geometries, obtained at the CASPT2//CASSCF/6-
31G* level, are reported in Tables 4 and 5.

In the following, we discuss separately the relaxation and
photoisomerization of the two isomers.

3.2.1. Photoisomerization of the E Isomer. Deactivation of
the mn——T*n=n~ State. The MEPs of the lower electronic states
beginning at the E isomer are displayed in Figure 2. Starting
from the ground-state equilibrium geometry, the MEP of the
“bright” S(zr*) state, S,, relaxes first to its equilibrium
geometry, which is planar and, interestingly, does not involve
the N=N bond torsion (6). The 77r* relaxation entails a skeletal
planar rearrangement leading to an increase of N=N bond length
and a decrease of C—N bonds, so that all three bonds measure
the same length, 1.34 A. Along the T MEP, the energy profile
of the state S(DE), characterized by the double excitation
TIN=NTIN=N""TTFN=NTT*N=N, Which is at higher energy (S7) at the
FC geometry, decreases and crosses the MEP of the bright
S(zr*) state. Thus, after the first and fast relaxation step, S(DE)
becomes S, and the S(stzr*) equilibrium geometry coincides
with the S(DE)/S(st*) termend E-CI S3S,, in Figure 2 and
Table 4.

Only after this crossing has occurred, torsion around the N=N
bond begins because the MEP energy of S(DE) state, or So(DE),
decreases slowly with the N=N torsion toward its minimum at
the twisted (95°) geometry (MIN-S;; see Figure 2). We observe
that the bright S(;tzr*) state energy profile does increase upon
torsion and does not lead to any other efficient decay path except
via S»(DE). In particular, no S(stz*)/S(nsr*) Cls has been found
at geometries with reasonably accessible energy. Therefore, after
excitation on the bright sr* state, molecules relax to an
equilibrium planar geometry, then they undergo an ultrafast
deactivation to the S;(DE) state, which thereafter drives the slow
relaxation toward the twisted geometry, and simultaneously, it
drives the fast internal conversion to the lower S;(ns*) state at
a variety of 6 angles.

As shown in Figure 2, from the planar geometry up to 0 =
123°, the So(DE) MEP (red line) is essentially degenerate with
a seam of S»/S; CIs (light red area, from E-1-CI S,S; to E-2-CI
S»2S1) characterized by the geometrical parameters NN = 1.35

(60) Suzuki, H. Electronic Absorption Spectra and Geometry of Organic
Molecules; Academic Press: New York, 1967.
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(61) Fliegl, H.; Kohn, A.; Hittig, K.; Ahlrichs, R. J. Am. Chem. Soc. 2003,
125, 9821.
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CNNC 180° 180° 180° 123" 120° 95"
CNN 113° 109° 1572 122 LF2 125°
NNC 113° 109° 157° 112° J27% 125°
NN 1.35 1.35 1.22 1.35 1,25 1.27
CN 1.33 1.31 1.33 131 .23 1.38
NC 1.23 1.31 133 1.31 1.30 1.38
E-Min 2B, E-1-CIS,S, E-CI,,S,S, E-2-CIS,S, E-CL_SS, Min S,
é: * ......... S(mt*) bright
B—— S(DE)
120 (DE)S, : — S2B,),..,
¢ &— - —S,(nw*) i
100 - (2B,)yer,Ss & o3 S,/S, crossing seam
(nn)S, Hs,. ; cilopine
; *‘\"‘"—— = = = =S,/S, crossing seam
3
£ 80 -
E: .-\'{;i:“- s 1
5607 @S, & b
St - §
g . WL B [ S 0 S _/_,}g
= 40 - 3
20 - /
0 - S,
PLANAR RELAXATION| 28au.3.5au TORSION 28.2 a.u.
E-Min S, E-CIS,S, E-Min S, E-TS S, Cligres 815,
CNNC 180° 180° 180° 174° 171° 120° 109° 94°
CNN 115° 112°  129° 114° 114° 129° 174° 136°
NNC 115° 112°  129° 114° 114° 125° 127° JL7®
NN 1.24 1.34 125 138 137 1.26 1.25 1.26
CN 1.42 1.34 137 132 132 1.38 123 137
NC 1.42 1.34. 137 132 132 1.38 1.29 1.40

Figure 2. Singlet S(zr*), S(DE), and S;(nsr*) reaction paths for the E—Z photoisomerization in azobenzene. Please note that S(DE) is labeled as S7 at the
Franck—Condon geometry, Sz and S, before and after the crossing with S(szr*), respectively. MEPs and energy profiles have been scaled to match CASPT2
values. Some of the most important structures are indicated, and their most significant geometrical parameters are reported below or above the figure. Red
and black arrows show S;—S; and S;—S internal conversion processes, respectively. Black dashed lines represent the extended S1/Sy crossing region whose
shape is better shown in Scheme 1. Conical intersection geometries are given in iftalics.

A,NC = 1.31 A, and NNC = 109°. We have checked that this
S1/S; crossing seam can be easily reached by moving orthogo-
nally to the S>(DE) MEP along symmetric CNN bending modes,
toward smaller CNN/NNC angle values (as indicated by the
structure parameters reported in Figure 2), and that this motion
is essentially barrierless. Therefore, CNN bending vibrations
may provide the excited molecules with an efficient route to
enter the S,/S; crossing seam and to decay to S; at N=N twisting
angles that may be far from 90°.

Since the corresponding geometrical parameters of the
Si(nzr*) equilibrium geometry (E-Min S;), NN = 1.25 A, NC
=137 A, and NNC = 129°, are quite different from the
parameters of the S,/S; crossing seam (vide supra), we may
infer that NN and NC stretchings and the NNC bending
vibrations absorb a substantial amount of the S,—S; energy
difference (about 45 kcal/mol) in the S,—S; conversion.
Therefore, at the time of the S;—S; crossing, the S; vibrational
energy distribution neither is statistical nor is similar to that
obtained in the Sy—S; excitation by the Franck—Condon
principle.

Analysis of the S;/S, Crossing Region. The vibrational energy
excess in S; will be quickly distributed among all the vibrations
in ways and with rates that can be clarified only by molecular
dynamics calculations. When this process is completed, the
vibrational energy distribution will be statistical and little energy
will be left to the three coordinates mainly associated with

isomerization (N=N twisting, CNN and NNC bendings). That
is, the molecules in which vibrational redistribution takes place
rapidly in S; will isomerize in the same way as after the So—S;
excitation, that is, mainly along the torsion coordinate. However,
before the vibrational redistribution in S; is completed, mol-
ecules will have chances to intercept the seam of S;/Sy Cls in
the full range 180° > 6 > 94°, from which a fast decay to Sp
occurs. As shown in Figure 2, this seam (black sketched line)
is close to S and to the S»/S; crossing region in a large interval
of @ values. The S;/Sy crossing region is characterized by a
short N=N bond (1.22 A) and large NNC inversion angles (E-
Cliny SoS1), both with symmetric (NNC = CNN = 157° for the
most stable symmetric So/S; Cls, E-Clg.iny SoS1) and nonsym-
metric NNC/CNN distortions. To assess the efficiency of the
multiple S¢/S; deactivation channel, we have extended further
the analysis of the S1/Sy crossing seam, which is schematically
depicted in Scheme 1 for the trans isomer.

This crossing space has a symmetric shape with a ridge of
symmetric bendings (with CNN = NNC) separating a 2-fold
channel, each one collecting nonsymmetric bending, in which
one CNN angle is larger than the other. The topology of this
crossing space is substantially identical in the two isomers and
spans very different structures, including fully twisted geom-
etries, with 6 &~ 90° (Cliorsn S1/So), already considered in the
analysis of the S;(nsr*) photoisomerization,”” the higher-energy
inverted structures (in which CNN or NNC is (almost) 180°,

J. AM. CHEM. SOC. = VOL. 130, NO. 15, 2008 5223



ARTICLES Conti et al.
CNNC I° 54° 61° 72° 95°
CNN 158° 118° 119° 167° 125°
NNC  15!1° 118° 119° 142° 125°
NN 121 131 1.31 123 1.27
CN 1.35 132 1.32 1.38 1.38
NC 1.39 1.32 1.32 1.30 1.38

ZI-CId_inv S:S, Z-1-CIS,S, Z-2-CIS,S, Min S,
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%
100 - (zB)benz Sz *~—-— Sl(m_t ) o
esd S,/S, crossing seam
..... = = = -§,/S, crossing seam
= 80-
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= (S e ___J
= > nx*)S, 7 -
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& e —f.—._. 8 8
5 e — e, . -
2 40 ; : iy
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0 - So ’/ H H
00au. 151au_164a.u. TORSION 20.3 a.u. 21.7 a.u. 36.9 a.u.
L | | | | |
Z-Min S, Z-CL,,S,S, CL,..sS:S, CI...SS,
CNNC 4° 8° 16° 40° 57° 64° 84° 92°
CNN 123° 129° 129° 125° 125°  167° 133° 139°
NNC 123° 129° 129° 125° 125° 142° 110° 119°
NN 124 129 1.27 1.28 1.30 1:23 1.26 1.27
CN 143 1.36 1.38 1.37 134 1.38 1.35 1.36
NC 143 136 137 1.37 1.34 1.31 142 1.41

Figure 3. Singlet S(tr*), S(DE), and S;(nz*) reaction paths for the Z—E photoisomerization in azobenzene. MEPs and energy profiles have been scaled
to match CASPT2 values. Orange line shows the S(DE) profiles along the benzenic state (Sa, (2B)penz) path. Some of the most important structures are
indicated, and their most significant geometrical parameters are reported below or above the figure. Red and black arrows show S,—S; and S;—S, internal
conversion processes, respectively. Black dashed lines represent the extended Si/Sy crossing region whose shape is better shown in Scheme 1. Conical

intersection geometries are given in italics.

associated with the inversion mechanism) and symmetric
bending structures that were discussed by Diau.?® The symmetric
bending CIs are on the ridge of the seam, that is, at the highest
energies, while a lower energy is observed for nonsymmetric
bending CIs. Anyway, it is worthy to note that a flat high-energy
surface exists for both isomers at geometries where the N=N
torsion is not involved (i.e., CNNC = 0°/180°), and this makes
symmetric/nonsymmetric bending CIs almost isoenergetic. It
should also be noted that the CNNC torsion angle loses
significance at inversion CIs (a CNN bending angle approaches
180° here), that is, E-Clj,, (120°) and Z-Cl;,y (64°) would
collapse to the same structure for a 180° CNN bending angle.
In this respect, the nomenclature E or Z for this inversion
crossing points is just formal as the structure should be unique.
Considering also the N=N twisting, the lowest energy Cls are
found for 6 close to 90°.

For clarity, it should be pointed out that this analysis is based
on the CASSCF (two-roots state average) energies employed
for the optimization of the Si/Sy crossing region. CASPT2
corrections confirm qualitatively the topology displayed in
Scheme 1, although sometimes they lead to a non-negligible
S1—So energy gap, revealing that the PT2 crossing seam is
slightly displaced with respect to the CAS one. While in general
this CASPT2 energy gap (and, consequently, the displacement
of CIs) is rather small, there are some structures (such as the
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Z,E-Cly.iny structure) where this problem is more serious.
Anyway, Z,E-Clg.iny is a high-energy real crossing point at the
CASSCEF (two-roots state average) level, and the two roots have
already swapped at the PT2 level (see Table 4). Thus, the
crossing point must also exist at the PT2 level, albeit it is slightly
shifted (and much higher in energy than the twisted crossings).
In this respect, it must be noted that PT2 energy values are
upper limit estimates for the energy of this crossing seam high-
energy portion.

In conclusion, while the lowest energy S;/So Cls are found
at twisted structures and are the only ones accessible for cold
molecules, very different S;/Sy CIs can be potentially reached
after the S,—S; decay at partially twisted, higher-energy regions.
Clearly, the molecules that follow the latter channel do not
isomerize. The molecules that reach the S,/S; CI seam close to
the twisted geometry may isomerize and are the ones that
account for the isomerization yield observed upon 7zr* excitation.

3.2.2. Photoisomerization of the Z Isomer. Deactivation of
the mn—N—7*n=n State. The MEPs of the lower electronic states
beginning at the Z isomer are displayed in Figure 3. Starting
from the ground-state equilibrium geometry, the MEP of the
bright S4(sz7r*) state (red dotted line, Figure 3) leads toward its
equilibrium geometry by a mainly skeletal deformation and a
slow energy decrease. Along this path, the energy profile of S;
(red line), the S(DE) state characterized by the nn—7*N=N7T*N=N
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Table 4. CASPT2 and CASSCF Relative (AE) Energies for All the
Relevant Structures along the Photochemical Paths of the E
Isomer?

Table 5. CASPT2 and CASSCF Relative (AE) Energies for All the
Relevant Structures along the Photochemical Paths of the Z
Isomer?

CASPT2 CASSCF CASPT2 CASSCF
structure state ® AE (kcal/mol) AE (kcal/mol) structure state o AE (kcal/mol) AE (kcal/mol)
E-MinSp So 0.63 0.0 0.0 Z-MinSy So 0.63 0.0 0.0
S 0.62 583 73.7 S 0.62 62.7 77.8
S, 0.61 97.6 146.5 Sz 0.60 103.5 143.4
S3 0.61 102.8 131.6 S3 0.61 104.6 126.6
S4 0.61 104.5 131.5 S4 0.59 108.8 169.6
Ss 0.61 109.9 139.1 Ss 0.61 115.4 141.6
Se 0.61 118.3 154.4 Se 0.61 118.0 142.9
S7 0.61 119.3 1484 S; 0.61 124.8 152.1
E-Min S, So 0.63 17.0 16.1 Cliors-1 S1S0 So 0.63 39.7 443
Si 0.63 46.3 59.1 S 0.63 35.0 40.0
E-TS S So 0.63 30.7 35.6 Cliors-2 S1S0 So 0.63 38.5 425
S 0.63 47.7 62.0 S 0.63 32.8 394
Cliors-1 S1So So 0.63 52.1 61.1 Cliors-3 S1So0 So 0.63 46.3 54.0
S 0.63 47.4 56.8 S 0.63 39.2 47.9
Cliors2 S1S0 So 0.63 50.9 59.3 Z-Cliny S1So So 0.63 69.0 69.8
Si 0.63 452 56.2 Si 0.63 56.7 67.2
Cliors-3 S1So0 So 0.63 58.7 70.8 Z-Clg.iny S1So So 0.63 65.8 68.9
S 0.63 51.6 64.6 S 0.63 54.9 66.1
E-Cliny So 0.63 74.0 87.0 Z-1-CI S,S; S 0.61 59.4 92.0
Si 0.63 70.3 80.9 S> 0.61 60.7 85.7
E-Clg.iny So 0.63 85.6 92.9 Z-2-CI S,S: S 0.62 57.3 82.0
Si 0.63 71.0 84.7 S> 0.62 54.4 81.6
E-CI S3S:¢ So 0.63 9.0 13.7 Min S, So 0.63 353 47.7
Si 0.62 64.6 83.1 S 0.62 25.9 31.8
S> 0.61 923 129.6 S> 0.62 454 59.3
S3 0.62 93.4 110.7
E-1-CI S,S; Si 0.62 88.0 107.7 “ Energy values are state average through the first nine singlet states.
Sz 0.62 89.3 107.5 CI structures were determined by the two-roots state average procedure.
E-2-CI S,S;4 Si 0.62 83.9 108.0 The energy for the ground-state minimum is chosen as the zero. Basis
S> 0.62 88.5 108.2 set: 6-31G*. Active space: 14 electrons in 12 MOs. ” The w is the
Min S, So 0.63 47.7 64.4 weight of the dominant CASSCF wave function.
Si 0.62 383 48.5
£ Min 2B 22 ggg Sgi Zgg in particular, along the symmetric CNN bending mode (see the
B S(: 0.62 638 3.0 geometrical parameters of Cls reported in Figure 3). Therefore,
S, 0.61 88.9 116.4 an ultrafast S,—S;(n7r*) decay at N=N twisting angles that are
S; 0.61 89.6 114.4 quite far (90°) may occur.
S4 0.61 92.5 136.7

“ Energy values are state average through the first nine singlet states.
CI structures were determined by the two-roots state average procedure.
The energy for the ground-state minimum is chosen as the zero. Basis
set: 6-31G*. Active space: 14 electrons in 12 MOs. ” The w is the
weight of the dominant CASSCF wave function.  S3 corresponds to the
S7 state of the Min Sy geometry, that is, to the S(DE) state.

double excitation, decreases quite fast and crosses the MEP of
the bright mzr* state and of the two benzenic states ((2B)pen;
and (2A)penz) becoming the Sy(DE) state, as shown in Figure 3.
This crossing occurs at the Z structure with 8 = 8°, following
the lengthening of NN bond (NN = 1.29 A) and the shortening
of CN bonds (CN = 1.36 A). Therefore, after excitation on the
bright 7zr* state, molecules on their way to relax toward the
equilibrium geometry undergo an ultrafast deactivation to the
S»(DE) state, which thereafter drives the relaxation to the twisted
geometry or to the internal conversion to the lower S;(nsr*) state
in the same way as for the E isomer.

We have found that the S, MEP energy decreases monotoni-
cally with torsion until it reaches its minimum at the fully twisted
(0 = 94°) geometry (MIN S,; see Figure 3). In the torsion
interval of 50° < 6 < 65°, a seam of S;/S;, CIs (light red area),
characterized by the geometrical parameters NN = 1.31 A,NC
= 1.32 A, and NNC = 119° becomes essentially degenerate
with the S; MEP.

As in the case of the E isomer, molecules can easily access
this S»/S; CI seam by deformations orthogonal to the S, MEP,

Since the S; skeletal relaxed structure is quite different than
the geometry of S;/S, CIs reported above, some vibrations, in
particular, the NN and NC stretchings and the NNC bendings,
will likely absorb a large fraction of the S,—S; energy difference
in the S,—S(n7r*) decay.

Analysis of the S; /Sy Crossing Region. The vibrational energy
excess in S; will be quickly distributed among all the vibrations.
When this process is completed, little energy is left to the
coordinates associated with isomerization (N=N twisting and
NNC bendings), and the S; state produced via the S, excitation
shows the same photochemical behavior as the directly excited
(by So—S; absorption) S; state. That is, the molecules in which
a complete vibrational redistribution takes place in S; will follow
the S MEP (mainly along the torsion coordinate) and reach
the twisted geometry where they isomerize.

Alternatively, before vibrational redistribution is completed,
molecules may intercept a seam of S;/Sy CIs at a variety of 6
angles, whereby the decay to Sy occurs. In fact, we have found
a seam of S1/Sp ClIs with energy close to S, and to the S,/S;
crossing region, which extends along the full 0° < 6 < 90°
interval. This seam of S¢/S; Cls is characterized by a short NN
bond (1.22 A) and large NNC inversion angles and is very
similar to the S/Sy intersection seam of the E isomer.

The topology of this S;/Sy crossing space is substantially
identical in the two isomers, and the same conclusions can be
drawn as for the E isomer (S;/Sy crossing region shape in
Scheme 1). In general, the CIs at symmetric CNN/NNC bending
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Scheme 1. Topology of the S1/Sy Crossing Seam of the trans Isomer

S/Sy SYMMETRIC CROSSING SPACE

ENERGY

C ERB
\N =N\
C
CNN-BENDING

geometries have the highest energies, while lower energies are
associated with nonsymmetric NNC and CNN bending angles.
The lowest energy Cls are found for 6 close to 90°.

In conclusion, the lowest S1/Sy Cls, found at a fully twisted
N=N bond, are the only ones that are accessible to cold
molecules and that may lead to isomerization. The S;/Sg Cls
found at partial N=N torsion and lying at higher energy can be
potentially entered by molecules decaying from higher-energy
states, such as the S(z7r*) state, and do not lead to isomerization.
It is from these CIs that the smaller isomerization quantum yield
observed for S(stzr*), with respect to the S;(nsr*) state, follows.
Anyway, starting from the Z isomer, the S,/S| crossing seam is
accessed at geometries more twisted than that for the E isomer.
Thus, the S;—Sy decay is more likely to occur at larger value
of the torsion angle (0) than for the E isomer, and the
isomerization yield will be higher.

Oscillator strength (f) calculations show a low-lying slightly
absorbing state at both E and Z S equilibrium geometries: these
are the S3 (By, f=0.07) and S, (B, f= 0.035) benzenic states,
respectively. The relaxation paths computed from the FC region
(see Figures 2 and 3) clearly show that molecules excited to
these states undergo a fast deactivation to the Sy(DE) state,
which thereafter drives the relaxation to the twisted geometry
or the internal conversion to the lower S;(nsr*) state in the same
way as for the excitation to the 7—u* bright state.

3.3. Interpretation of Time-Resolved Spectra. In this section,
we discuss the various stages of the S(zzr*) decay by comparing
the spectral features of time-resolved absorption spectra with
the intensities of the absorption transitions of the S;(nz*),
S(DE), and S(w*) computed in the CASSCF—CASPT2
scheme. We take as reference the E and Z transient spectra in
the 350-650 nm range measured by Braun and co-workers.™
Most of our discussion is limited to the E isomer because the
information available for the Z isomer pertains practically only
to Sy(ns*).

In the E isomer, the decay of the transient absorption induced
by the S(zzr*) excitation is represented by three exponentials
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with times constants of about 7; = 0.15 ps, 72 = 0.45 ps, and
73 = 2.7 ps.¥® A transient species with a specific absorption
spectrum’” is associated with each of these exponentials.

The transient species with a time constant of 7; = 0.15 ps
has a spectrum showing two maxima®® at 470 and 600 nm. The
two transient spectra with lifetimes of 7, = 0.45 ps and 73 =
2.7 ps, which are associated with the state S1(n7*),** assigned
to vibrational relaxation within S;(nzr*) and to the decay of the
relaxed Sl(nn*),33 respectively, show very similar transient
spectra both with maxima at about 400 and 530 nm.

We consider first the S(zzr*) state, which, according to our
calculations (vide supra), undergoes a fast relaxation process
followed by a fast S(szzr*)—S(DE) decay (internal conversion).
We have computed the oscillator strengths, f, of several
S(wm*)—S, transitions both at the Sy and at the S(mz*)
equilibrium geometry, in order to distinguish the relaxation from
the decay process. The most intense S(szr*)—S,, transitions are
obtained at 590 nm (with f = 0.09) at the Sy equilibrium
geometry and at 485 nm (with f = 0.03) at the S(mzw*)
equilibrium geometry. The comparison between the computed
S(srr*)—S, transitions and the observed spectrum of the shortest
lived (0.15 ps) transient is quite satisfactory and strengthens
the assignment of this transient to the state S(mwzr*). It is
interesting to note that the two bands were calculated at the
S(zz*) and Sy (or FC) equilibrium geometries, respectively.
This implies that the decay of the 590 nm band is related to the
vibrational relaxation of S(zzz*) from the initial FC geometry,
and the disappearance of the 485 nm band must be assigned to
the S(zzr*)—S(DE) decay of the relaxed S(stzr*). Because of
the limited time resolution of these measures and of the data
treatment, the two processes are not resolved in time but are
spectrally distinguishable.

We have computed also the intensities of the S(DE) —S,
transitions to assess whether we can identify a contribution of
the doubly excited state to the observed transient absorption.
The S(DE)— S, transitions in the proper spectral range were
found to have very small oscillator strengths, with f < 0.01.
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Scheme 2. Summary of the Photoisomerization Paths and Yields from the Lowest wr* Absorbing State Starting from the E (Right Side) and

Z (Left Side) Isomers

PHOTOISOMERIZATION QUANTUM YIELDS

S,(DE)
S,(nm*) bright

energy

S,(n7*)1
s i
~

=N
s G O
—

S

L S.(DE)
S,(7em*) bright

_- - cmssmgs am S@ y S,(nm*)

CNNC=4° torsion

Thus, the state S(DE) is not expected to leave any trace in the
transient absorption spectra.

We have computed the oscillator strengths of the S;(nzz*)—S,
transitions both at the S;(nz*) and Sy (or FC) equilibrium
geometries. At the latter geometry, the most intense transitions
appear at 355 nm (with f= 0.05), 398 nm (with f= 0.07), and
559 nm (with f= 0.02). At the former geometry, the strongest
transitions are found at similar wavelengths, namely, at 343 nm
(with f=0.18), 404 nm (with f=0.04), and 622 nm (with
f=0.02). We note first that the S;—S,, spectra predicted for
the two geometries, namely, for the relaxation and for the decay
of S, appear very similar. Since the shortest wavelength
transition is outside the observed spectral range,33 we consider
only the two remaining transitions for the comparison. The good
agreement between the computed S;—S, transitions and the
observed transient spectra with 0.45 and 2.7 ps lifetimes supports
the assignment of these transient spectra to the S;(nz*) state.
Interestingly, in this case, the relaxation and the decay processes
are not distinguished by their spectra but only by their different
time constants.

In the Z isomer, the decay of the transient absorption induced
by the S(zzr*) excitation is well described by two exponentials
with lifetimes of 0.2 and 1 ps.*® The shorter lived spectrum is
structureless and flat and leaves little room to attempt an
assignment to specific transitions. The longer lived spectrum
shows maximum at 390 nm and a weaker feature at 550 nm.*
The computed oscillator strengths of the S;(nzz*)—S,, transitions
at the Sy (or FC) equilibrium geometry indicate that the
transitions corresponding to 385 nm (with f = 0.02), 419 nm
(with f=0.02), and 651 nm (with f= 0.02) are the most intense
in the proper energy range. Thus, assigning the computed 385
and 419 nm transitions to the observed 390 nm band and the
651 nm transition to the 550 nm band, we find a qualitative
agreement. Thus, the attribution of the 1 ps transient spectrum
to Si(nzt*)—S, transitions is supported by this calculation.

A different type of time-resolved spectroscopy, namely, the
TRPES,° has been used to unravel the excited electronic states

(62) Stolow, A. Annu. Rev. Phys. Chem. 2003, 54, 89.

CNNC=94° torsion

CNNC=180°

involved in the photoisomerization of Ab.>” The TRPES study
in jet-cooled E-Ab molecules excited to the bright S(;zzr*) state
revealed two bands with vertical IPs of 8.6 and 9.6 eV, decaying
exponentially with 0.17 and 0.42 ps time constants, respectively.
The authors assigned these two transients to the decay of the
bright S(stz*) state and of the B, benzenic state (S(2By)venzs
which has —7*Ny=~ as dominant component; see Table 2),
respectively, by comparison with the known experimental IPs
of the Ab s orbitals (8.4 eV for the 1n=N and 9.3 eV for the i,
and 7, benzenic 01rbitals).63 Since the intensity of the TRPES
band attributed to the benzenic state is far too intense in
comparison with the relative intensity of the So—S(2By)en
transition, as it can be seen from Table 2, one may wonder
whether alternative interpretations for the 0.42 ps band in the
TRPES spectrum can be proposed. In this respect, we note that
at the S(szr*) relaxed geometry the S(DE) state has roughly
the same energy as the bright S(szr*) and the benzenic states,
as it is shown in Table 2. Beside the configuration
TIN=NTIN=N"T*N=NT*N=N, the S(DE) state contains also the
configuration 7r,—*N=n, Which appears also in the S(2Ag)pen
state, with an appreciable 0.45 coefficient (see Table 2). We
have checked by Hartree—Fock 6-31G* basis set calculations
that the two sy and 7, orbitals have essentially identical
energies: we found 8.19 eV for n=N, 9.16 and 9.17 eV for 7,
and i7», respectively. Thus, the 9.6 eV TRPES band*’ may be
associated with the DE state. Since the S(DE) state is promptly
formed from the bright S(zzr*) state and decays very fast to
Si, the 9.6 eV, 0.42 ps lifetime TRPES band is expected to
have a similar intensity as the 8.6 eV, 0.17 ps band, as it is
observed. If this interpretation is correct, the TRPES spectrum
gives the only experimental trace of the S(DE) state.

4. Discussion

The photoisomerization of Ab upon excitation of the bright
S(zt*) state has been found to occur predominantly along the

(63) Petrachenko, N. E.; Vovna, V. L; Furin, G. G. J. Fluor. Chem. 1993,
63, 85.

J. AM. CHEM. SOC. = VOL. 130, NO. 15, 2008 5227



ARTICLES

Conti et al.

Scheme 3. Pictorial Description of the Photoisomerization Path of the E Isomer from the S(zzzr*) State, Including the S1/Sp and Su/S+

Crossing Seams and Showing the Most Important Coordinates?®
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torsion path, that is, by the same route of the S;(nsz¥)
photoisomerization as it is shown in Scheme 2.

This is not to say that the inversion coordinate is frozen and
it does not play any role. In fact, the NNC and CNN angles are
important parameters in defining the critical structures for the
Si(nz*)—S, decay, as it can be seen in Figures 2 and 3 and in
Scheme 1. In particular, in Figure 2, one of the S;(ns*)/Sy CIs
(E-Cliny S1S0), with 8 = 120°, CNN = 172°, and NNC = 127°,
is documented. Therefore, although a fraction of photoisomer-
ization might occur via the inversion path when a large amount
of vibrational energy is available, the features of the MEPs of
the relevant electronic states definitely favor the N=N torsion
mechanism. A more quantitative estimate of the dominant
isomerization channel in specific initial conditions could be
obtained by performing MD calculations with CASSCF/
CASPT?2 energies, which at the moment is not feasible.

A fundamental role in the photochemistry of Ab induced by
the S(ztr*) excitation is played by the S(DE) state, based on
the doubly excited configuration TN=NTIN=N—7T*N=NTT*N=N. This
state is the necessary intermediate in promoting the conversion
from the bright S(r*) to the S;(nzr*) state, thereby ensuring
that the photoisomerization process occurs and takes predomi-
nantly the torsion path from both isomers. It is interesting to
note also the analogy with stilbene, where an important role in
driving the photoisomerization in attributed to the mmw—m*m*
doubly excited state.®*%3

The difference between Z—F (¢ ~ 0.25) and E— (¢ ~ 0.12)
photoisomerization quantum yields is readily explained on the

(64) Orlandi, G.; Siebrand, W. Chem. Phys. Lett. 1975, 30, 352.

(65) Orlandi, G.; Palmieri, P.; Poggi, G. J. Am. Chem. Soc. 1979, 101,
3492.

(66) Quenneville, J.; Martinez, T. J. J. Phys. Chem. A 2003, 107, 829.
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basis of the present results. Although a similar mechanism
governs the photoisomerization of the E and Z isomers excited
in the bright S(str*) state, the calculated barrierless and steeper
S(DE) MEP of the Z isomer, essentially along the N=N twisting
coordinate, versus the gently sloped MEP of the E isomer,
accounts for the observed higher photoisomerization yield of
the Z—F with respect to the E—Z. Furthermore, while in the Z
isomer the S(DE)—S; decay occurs via CIs in a N=N twisting
region at about 65° (see Figure 3), with the torsional impulse
providing the drive to move toward the twisted geometry and
thereby possibly isomerize, the S(DE)—S; decay in the E isomer
can occur at much less twisted structures (vide supra) with a
larger probability of returning via S1/So ClIs to the ground-state
E isomer.

The difference between the photoisomerization quantum
yields obtained by exciting the mzr* and nsr* states, with the
former always smaller than the latter, is a very specific feature
of Ab photochemistry. Since we have just shown that in both
isomers all the str* photoexcited molecules are ultimately
collected in the S(nsr*) state (which then drives the deactivation
to the ground state), the difference between the zzz* and nz*
quantum yields may appear surprising. The observed difference
in the photoisomerization quantum yields can be rationalized
by considering the complex S;/Sy crossing region described
above and summarized in Schemes 3 and 4, for the £ and Z
isomers, respectively. In these schemes, we also depict the
energy dependence of the relevant electronic states on the
skeletal deformations (including CNN and NNC bendings) and
the torsion coordinate and distinguish their contribution.

Following the excitation on the bright S(;zz*) state and the
prompt S(zz7r*)—S(DE) conversion, the S(DE)—S, decay occurs
at energies that are higher than the S;/Sq crossing region for a
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Scheme 4. Pictorial Description of the Photoisomerization Path of the Z Isomer from the S(wx*) state, Including the S¢/S1 and S,/S+

Crossing Seams and Showing the Most Important Coordinates?®
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range of twisting angles. Thus, after the S,—S; conversion,
molecules on the S; state may enter the S;/Sy crossing region
also at partially twisted geometries, i.e. on the reactant side,
and well before reaching the lowest energy Cls at the fully
twisted N = N bond (as shown in Scheme 3 and 4). This should
induce the decay to the ground state, leading preferentially to
reactant formation because of the Sy shape along the torsion
coordinate (see Scheme 2): it leads to a decrease of the
photoisomerization quantum yield. On the contrary, following
the excitation on the S; state, molecules have not enough energy
to intercept the Si/Sp crossing region at partially twisted
geometries and can only relax to the twisted geometry from
where the branched decay to Sy leads to E/Z isomerization. This
explains why the photoisomerization yields from S; excitation
are higher than the yields from the bright S(zzr*) state.

The relative probabilities of intercepting the Si/Sg crossing
region at partially twisted geometries and of reaching the lowest
energy CIs at the fully twisted geometry can be assessed
quantitatively only by molecular dynamic simulations, as
recently shown by Persico and co-workers,>*** which is outside
of the scope of this work.

To explain the two bands appearing in the TRPES spectra,
Stolow and co-workers®” suggested that in the excitation of the
zor* bright state a fraction of the molecules is excited to the
benzenic B, state and suggested that these molecules decay to
So bypassing the S; state and without isomerization, thus
explaining the smaller quantum yield of photoisomerization in
S(zzz*) than in Si(nzr*). We note that the oscillator strength
ratio of the benzenic over the bright state is roughly 0.1,
according to different calculations®”®" and the present work (see
Table 2). Thus, the effect of the benzenic state absorption would
be very minor. Furthermore, as shown in Figure 2, the molecules

reaching the benzenic state can decay efficiently only via the
S(DE) state and, therefore, they would follow the same fate as
the molecules excited to the bright state. Finally, we note that
the TRPES band at 9.6 eV decaying with a 0.42 ps lifetime®’
can be associated also with the S;(DE) state because of its
benzenic component (see Table 2) and for its intensity and likely
reflects the decay of the Sy(DE) state.

An interesting and related issue concerns the mechanism of
photoisomerization of sterically hindered azobenzenes, such as
the Ab-phanes®* and of azobenzene-capped crown ether.?? In
these compounds, the Kasha rule is obeyed and the quantum
yields of photoisomerization in S; and S; are the same and are
qualitatively equal to the quantum yield of Ab in S, in contrast
with the results obtained for the free Ab. The original
interpretation®*2 of these observations is based on the following
assumptions: (a) photoisomerization in the free Ab molecules
occurs in Sj(nz*) and S(stzr*) along the inversion and in the
torsion route, respectively, (b) the torsion mechanism is forbid-
den in hindered Ab for sterical reasons. It follows that in these
molecules isomerization can take only the inversion path and
the S(;r7r*) can return to S only via Si(nzr*),>*** and that the
isomerization quantum yield is the same in the two states. Thus,
the results for the hindered Ab were taken as a support for the
mechanistic assumption that photoisomerization in the free Ab
molecules occurs in S(nz*) and S(zzr*) along the inversion
and the torsion route, respectively.

The above assumptions are not supported by recent experi-
mental and theoretical findings. As already noted, the feasibility
of the torsion mechanism in the Ab-phanes is underscored by
the experiments of Tanner and Wennerstrom>® who showed that
also stilbeno-phanes, for which obviously the inversion coor-
dinate is not available, do isomerize. This underlines the notion
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that steric constraints are usually not rigid but have some degree
of flexibility, which is related to the soft potentials of some
coordinates. Moreover, recent time-resolved studies of the
hindered crown ether capped E-Ab (E-Abl) and of free E-Ab
chemically similar to E-Abl (containing two aminocarbonyl
groups on the two rings) showed almost the same S; biexpo-
nential decay?’ (with 7; &~ 1 ps and 7, &~ 20 ps), while the
corresponding parameters of E-Ab are 7y &~ 3 ps and 7, ~ 2.6
ps. 27! These results on the crown ether capped Ab underscore
the fact that chemical effects always accompany the steric
constraints in the intended hindered derivatives.

The E-Abl derivative together with its parent E-Ab were
studied by Car—Parrinello molecular dynamics method to assess
the mechanism of isomerization in S and the effect of the steric
constraints in the capped E-Ab.*> The results showed that
isomerization in S; follows the N=N torsion in both com-
pounds,*’ confirming earlier results by Ciminelli et al. for E-Ab
and Ab-phanes®****® where it is shown that the S;—Sp
deactivation routes for both nst* and mzr* excitations involve
N=N central bond torsions. More specifically, it is shown that
trajectories in hindered Ab do not cross structure regions
characterized by large values of NNC angles. Thus, according
MD trajectories,***® NNC deformations rather than N=N
torsion appear surprisingly to be contrasted by steric constraints.

A natural explanation for the non-Kasha behavior of free Ab
and for the Kasha behavior of hindered Ab emerges readily from
the effects indicated by MD calculations of steric constraints**
and from our calculation. In fact, we find that, for the free E-Ab
excited to the bright S(str*) state, the higher-energy S,/Sy Cls
that occur far from twisted geometries, which lead to
S»(DE)—S;—S, conversion without isomerization (causing the
non-Kasha behavior), require large values of the NNC and CNN
angles (vide supra). On the contrary, the topology of the S/Sy
crossing region (Scheme 1) shows that the low-lying fully
twisted CIs (Cliorsn S1So) are characterized by the lowest CNN
and NNC angles. Since large NNC angles are inhibited in a
sterically hindered Ab but are permitted in free Ab, the
S2(DE)—S;—S, conversion is compatible with vertical S;—Sg
decay with loss of photoisomerization yield in the latter but
can occur only at substantially twisted geometries, whereby the
photoisomerization yield is as large as that for the excitation
on S; in the former. These conclusions support previous
simulations on azobenzenophanes.***°

Such consideration is useful also for the applications; for
example, Ab-type systems in which the opening of NNC angles
is hindered are good candidates for high-yield photoisomeriza-
tion-based molecular machines.

One may be surprised that two different approaches such as
Carr—Parrinello and semiempirical CAS give the same mecha-
nistic picture of Ab photoisomerization in S,. It is easier to
compare the latter method with ours: in both cases, a key role
is played by the A state as the photoreaction intermediate. The
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nature of this state is not clarified by Persico and co-workers.**

In our calculations, it is clearly associated with the DE
configuration, and we indicate that the experimental signature
of this state is to be found in the TRPES spectra.

5. Conclusions

In this work, we have analyzed the isomerization routes of
E-Ab and Z-Ab in the bright S(zzr*) state by using high-level
quantum chemical methods. We have clarified the decay path
and the mechanism of photoisomerization of the S(szzr*) state
and have explained the lower cis—trans isomerization quantum
yields observed for S(sz7t*) excitation than for S;(nzr*) excitation
for the isolated molecule. In the following we summarize the
main results.

The photoisomerization process upon excitation of the S(7zr*)
state follows the torsion path, that is, the same path found earlier
for the S; and T; excited states.” In the S(zzzr*) photoisomer-
ization process, a fundamental role is played by the S(DE) state,
which is based on the doubly excited configuration 7n=N
AN=N"TTF N=NT*N=N. The MEP of this state, having its mini-
mum at the twisted geometry, drives the photoisomerization
process along the torsion path and, simultaneously, the fast
internal conversion to S;(nsr*) for both isomers. The S(DE) state
is the necessary intermediate bringing about the conversion from
the bright S(szzr*) state to the S;(nzr*) state, and we suggest
that TRPES spectra provide the first observation of this state.

The lower photoisomerization quantum yields from S(sr7z*)
than from S;(nz*) is the consequence of the accessible
S(DE)—S; and S—Sy CIs located at near planar structures,
which require large NNC angles, through which the conversion
to the ground state can take place at reactant geometries. This
finding agrees with the proposal of Tahara and co-workers and
provides details about the path through which it materializes.

The normal behavior of the hindered Ab is due to the
circumstance that the S;—S, CIs at near planar structures are
not accessible because the very hindrance forbids the large NNC
angles that are required.*’ Thus, the very CIs that are responsible
of the non-Kasha behavior of Ab are not accessible in the
hindered Ab.
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